In earlier studies we recognized that the highly correlated behavior of the f electrons within moderately delocalized light actinide (uranium, neptunium, plutonium) systems is linked to the non-f-band behavior via the hybridization process. By transforming the hybridization into a bandelectron-f-electron resonant scattering from the correlated multiplet states of the actinide ions, and considering only the scattering processes that involve f electrons in the m, =0, m, = 2-, ' states (for quantization along the interionic axis) which dominate the two-ion interactions, our earlier work explained the main features of the anisotropic magnetic equilibrium behavior for the PuSb system but failed to reproduce the correct polarization (longitudinal) for the long-period antiferromagnetic structure observed in the temperature range below the Neel temperature. In this paper we include the next-to-dominant scattering channels (single-site scattering processes involving f electrons with ml --+1, m, = + 2 ). This refinement changes the angular dependence of the anisotropic interaction, and successfully yields the ferromagnetic to longitudinally polarized long-period antiferromagnetic phase transition as is experimentally observed. Excellent agreement with experiment for the correlation length anisotropy is also obtained. For the magnetic excitation behavior in the ferromagnetic phase pertinent to PuSb at T=O, the theory gives a spectrum with two polarized branches at the zone boundary for q along the [100] (transverse-to-moment) direction. In fact, the predicted excitation behavior is rather remarkable. The appearance of two polarized branches rather than a single branch at the zone boundary occurs only over an extremely narrow range of crystal-field splitting.
I. INTRODUCTION Recently, basic understanding of the highly correlated magnetic behavior of the cerium monopnictide systems has been achieved. ' The theory'is based on an anisotropic two-ion interaction that arises from the hybridization of band electrons with moderately delocalized f electrons. This hybridization was first treated by Coqblin and Schrieffer to explain the behavior of dilute cerium alloys by transforming it into a band-f resonant scattering from the multiplet states of the Ce + f ' (IC) . Success was achieved in explaining the main features of the anisotropic magnetic equilibrium behavior, namely, the behavior of the magnetization with temperature and the phase transition from a ferromagnetic phase to a long-period antiferromagnetic phase; but the theory ' failed to reproduce the correct polarization (longitudinal with respect to the modulation direction) for the long-period antiferromagnetic structure observed"' in the temperature range below the Neel temperature. The theory also gave a susceptibility singularity'3 in the near-critical region corresponding to the incorrect polarization. For the excitation behavior, the theory failed to explain why for PuSb there are' two modes with the wave vector perpendicular to the magnetic moment (these modes are at least partially polarized, parallel, and perpendicular to the wave vector, respectively).
In the original calculations' ' for the Ce + ion, which has only one f electron, it was shown that to the lowest order in I /kzR the dominant contribution to the two-ion interaction comes from processes in which the band electron involved in the associated single-site scattering event had magnetic quantum number m =2 -, ' (using the interionic axis as the axis of quantization To study the magnetic excitations of the system we project the Fourier transform of the Hamiltonian defined in Eq. (7) into the MF manifold. At T=O we need to consider the set of operators that take the system from, or to, the MF ground state (L,"orL",, n&1). Using the random-phase approximation (RPA) and the commutation relation (&~LF"". ) =(e". -e")L"".,
Here 8 and P are the polar and azimuthal angles of the interionic axis R;J with respect to the axis of quantization chosen along a cube-edge direction in the crystal, and d Ii (8) of motion than that used to obtain Figs. 6 and 7, so at T =0 some additional low intensity modes are found. }
The main effect predicted is a filling in of intensity at the low energy end of the spectrum as temperature increases.
D. Summary
In conclusion, we have found that upon including the additional (next-to-dominant) channels for the single-site scattering event the hybridization-mediated anisotropic two-ion interaction fully explains the experimental anisotropic magnetic equilibrium behavior "" for the fcc Pu + f system pertinent to PuSb. The longitudinally polarized antiferromagnetic phase has been satisfactorily obtained by considering the contribution of the additional scattering channels, which is equivalent to including some additional off-interionic-axis f-electron charge distribution. %'e also obtain excellent agreement with experiment for the correlation length anisotropy. The theory also gives a magnetic excitation spectrum at T =0 in the ferromagnetic phase in close agreement with the observed energies, ' with two polarized branches at the zone boundary with q along the [100] (transverse-to-moment) direction as is experimentally observed. ' The predicted crystal-field splitting from I 8 to 1 7 is about 255 to 290 K.
The remaining discrepancy with experiment is that we predict that the major mode intensity across the Brillouin zone is not in a largely dispersionless mode, and our lower-energy mode at the zone boundary does not occur at an energy minimum.
